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Abstract 

A methodological approach to defining propellant characterization is 
presented. The method is based on the well-established Technology Readiness Level 
nomenclature. This approach establishes the Propellant Readiness Level as a metric 
for ascertaining the readiness of a propellant or a propellant combination by 
evaluating the following set of propellant characteristics: thermodynamic data, 
toxicity, applications, combustion data, heat transfer data, material compatibility, 
analytical prediction modeling, injector/chamber geometry, pressurization, ignition, 
combustion stability, system storability, qualification testing, and flight capability. 
The methodology is meant to be applicable to all propellants or propellant 
combinations; liquid, solid, and gaseous propellants as well as monopropellants and 
propellant combinations are equally served. The functionality of the proposed 
approach is tested through the evaluation and comparison of an example set of 
hydrocarbon fuels. 


I. Introduction 

Various propellant options need to be considered during the research and 
development phases of any new space vehicle. Yet a systematic method for quantitatively 
determining and comparing the degree of understanding of a propellant does not currently 
exist. Rather, this determination is typically nonquantitative and based largely on the 
experience of the individuals conducting the studies. Even with sufficient knowledge, a 
quantitative comparison of readiness is generally not feasible without some sort of 
method to discriminate among the many attributes that characterize propellants. 

Thus, a more objective evaluation methodology is needed to quantitatively 
measure candidate propellants so that relative and objective comparisons can be made. 
This methodology must also be simple enough to accommodate the wide variety of 
different attributes or characteristics of any particular propellant. In this paper, the 
authors present just such a method: the Propellant Readiness Level (PRL). 

The PRL method is based on the Technology Readiness Level (TRL) scale first 
devised by J.C. Mankins in 1995 to objectively rank the development status of existing 
and emerging technology. [1] Both straightforward and generally applicable to a wide 
range of different technologies, the TRL scale has been extensively used since its 
introduction as a quantitative metric for comparative technology studies; it is now 
generally understood and familiar throughout the aerospace industry. Like the TRL, the 
PRL method quantifies a candidate propellant’s readiness level in terms of major 
characteristics that have been suitably measured. 
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II. Defining the PRL Scale 

Mankins defined the TRL scale as nine levels of “readiness,” or states of 
development, wherein TRL 1 is the lowest level of development and TRL 9 is the most 
developed.[l] Each level is defined in terms of the processes that would need to be 
completed for a particular technology to be usable. To be at a particular PRL, the 
propellant needs to have been characterized for all characteristics associated with that 
level. If, for example, a propellant has completed PRLs 1, 2, and 4, it would be 
considered to be at PRL 2. 

The primary function of the PRL scale is to provide a logical framework for the 
quantitative assessment of propellant research and development. Without such a ranking 
system, statements about whether or not a propellant is well characterized can have only 
a qualitative meaning, and there is no quantitative way to judge which propellants are 
better characterized than others. Given these considerations, the PRLs are defined as 
follows. 

II. A PRL 1: Basic Properties 

At PRL 1, basic properties of the candidate propellant are measured using such 
criteria as molecular formula, density, melting and boiling points, heat of formation, 
latent heat of vaporization, viscosity, specific heat, ratio of specific heats, and thermal 
conductivity. The chemical formula and structure of the candidate propellant are also 
determined. 

II.B PRL 2: Potential Applications 

At PRL 2, possible applications for the candidate propellant are identified or 
invented. For example, the propellant may be used in a booster engine or tactical missile, 
or it may be stored in space. At this level, the proposed application is still speculative; the 
candidate propellant's conceived advantages have merely been extrapolated with respect 
to existing propellants. No experimental validation has occurred to support the 
propellant's suitability to the proposed application. 

II.C PRL 3: Lab-Based Testing 

At PRL 3, experimental efforts to evaluate the candidate propellant's suitability 
for proposed applications are initiated, perhaps by test firing the propellant in a small 
proof-of-concept apparatus. Measurements of the propellant's suitability as a regenerative 
coolant as it flows through a heated passage, such as a tube or channel, may also be 
measured and the passage examined for coking or reactivity. 

II.D PRL 4: Analytical Prediction Models 

At PRL 4, data from the testing can now anchor the analytic performance 
prediction models. Limited scalability of the results and models could reasonably be 
expected. 

II.E PRL 5: Thruster Testing 
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At PRL 5, the candidate propellant is evaluated in a subscale apparatus that 
produces thrust. Analytic prediction models are updated to include the propellant’s 
functional performance. 

II.F PRL 6: Subscale Breadboard Testing 

At PRL 6, the candidate propellant is evaluated under realistic test and 
environmental conditions in a subscale apparatus for all of its expected functions. The 
range of scalability of models is significantly increased to include predictions of the 
propellant’s performance in full-scale hardware. 

Successful demonstrations of all major functions that the propellant is expected to 
provide have been completed. Examples might include functionality for regenerative 
cooling, as a hydraulic fluid, as a pressurization source in a gas-generator configuration, 
and as turbomachinery working fluid. 

II. G PRL 7: Full-Scale Testing 

At PRL 7, the propellant has been evaluated in its full-scale intended propulsion 
device and its further characterization is dependent on the development of the design in 
which it is to be used. All expected functions of the propellant have been demonstrated in 
an integrated configuration. Expected environmental conditions can be simulated, but 
should reflect actual conditions as closely as possible. 

II.H PRL 8: Qualification Testing 

At PRL 8, the propellant has been evaluated in its full-scale intended application 
and has undergone testing and evaluation under all conditions that it is expected to 
encounter. PRL 8 is achieved when the propellant is operated in a TRL 8 propulsion 
device. 


II. I PRL 9: Flight Testing 

At PRL 9, the propellant has been successfully used in its intended application 
and is fully characterized. 


III. Characteristics of Propellants 

The term “propellant” as used herein can mean liquid, solid, or gaseous 
propellants, monopropellants, or combinations of fuels and oxidizers, as well as 
propellants that are chemically inert. Some characteristics are simply physical attributes, 
whereas more advanced characteristics describe the behavior of propellants when reacted. 
In these reacting cases, the propellant combination must be stated and the propellant 
characteristic refers to that particular combination. 
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The following 14 attributes, which relate to the most important aspects of 
propellants considered for use in rocket propulsion systems, were selected to capture the 
necessary information needed for a quantitative assessment. It should be clearly 
understood that these do not necessarily represent the final list of possible characteristics. 
As new or additional characteristics are identified, they can be incorporated into the list 
and the proposed methodology reapplied. 


III.A Thermodynamic Data 

Thermodynamic data are associated with the physical and thermodynamic 
properties of the propellant and are typically needed to determine pressure, temperature, 
density, melting and boiling points, phase states, the enthalpy of formation, latent heat of 
vaporization, etc. For liquids and gases, this includes viscosity; for solids, this includes 
the material properties of compressive, tensile, and shear strength, as well as Poisson’s 
ratio. Thermodynamic data are a property of a single propellant. 


III.B Toxicity 

Toxicity, which is a property of a single propellant, refers to the propensity of the 
propellant to cause physical injury through a poisoning process. This characteristic is not 
a measure of the toxicity of a propellant, but rather an indication of whether the toxicity 
of the propellant is known. For the vast majority of propellants under consideration, the 
toxicity is well characterized and usually listed on the Material Safety Data Sheet 
associated with that material. [2] However, new propellants for which toxicity may not 
have been established are constantly under development. In these cases, the lack of 
toxicity data represents a serious deficiency in the characterization of the propellant. 


III.C Applications 

The conceived or intended uses of a candidate propellant are its applications. Its 
basic thermodynamic data (described in Sec. III.A) will strongly indicate the most 
suitable applications by answering questions such as the following: Is the freezing point 
low? Is it a strong material? Does it have a large enthalpy of formation? The definition of 
a conceptual propulsion device that uses the propellant can also serve as an application. 


III.D Combustion Data 

Combustion data, which are propellant-combination specific, consist of 
information associated with the reaction of two or more propellants or between a catalyst 
and a monopropellant. Typical combustion parameters include the specific heat, 
molecular weight, enthalpy of formation, and temperature of the products of reaction as a 
function of mixture ratio. For a solid propellant, combustion data include burning rate 
constants for the burning rate equation used to model its combustion process. 
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III.E Heat Transfer Data 

Heat transfer characteristics are needed to model heat transfer between the 
candidate propellant and its environment. For a liquid, thermal conductivity and specific 
heat are important if the propellant is used to regeneratively cool a rocket chamber. The 
tendency for the propellant to decompose, crack, or coke is also important to know. For a 
solid, thermal conductivity is needed to understand and model the reaction and ablation 
processes in solid and hybrid rocket motors. 


III.F Material Compatibility 

Material compatibility data describe the interaction of the candidate propellant 
with surrounding materials. Propellant compatibility with metals, elastomers, and 
ceramics, as well as lubricants and sealants, is of typical interest. Sometimes 
combinations of multiple materials can catalyze a reaction that would not occur between 
only two materials. 


III.G Analytical Prediction Modeling 

Analytical prediction modeling enables the prediction of a candidate propellant’s 
performance, which is essential to its development. The propellant can then be included 
in commonly used rocket propulsion analysis software, making it easily accessible to the 
modeling community. 


III.H Injector/Chamber Geometry 

The type of injector used to introduce liquid or gaseous propellants into the rocket 
chamber can have a significant influence on resulting rocket performance. The geometry 
of the chamber itself can also influence combustion behavior. The selection of injection 
and chamber schemes represents a high level of refinement and is often developed as an 
iteration of an initial configuration. Within the collective knowledge of rocket injector 
design, specific injector and chamber combinations have been found to work best for 
certain propellant combinations. 


III.I Pressurization 

Fiquid and gaseous propellants require a pressurization system to push them into 
the rocket chamber. For pressure-fed systems, tank pressures can range from tens to 
hundreds of atmospheres. Yet even pump-fed systems typically require a tank 
pressurization system to keep pump-inlet conditions at a specified level. Some of the 
pressurant gas dissolves into the liquid propellant when liquids are pressurized. The 
amount that dissolves is a function of the pressurant gas, the liquid propellant, and the 
temperature and pressure at which the pressurization system is operated. Thus, gas 
saturation behavior makes up most of what is meant here by pressurization, although 
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additional aspects of the pressurization characteristic could include the propellant’s 
permeability into other materials found in a propulsion system. 


III.J Ignition 

Ignition describes the ease or difficulty of initiating the combustion process. It can 
be considered characterized when sufficient data and documented experience exist such 
that high ignition reliability is a reasonable expectation. High ignition reliability is 
quantified as the percentage of successful ignition events for the total number of ignition 
attempts. Fundamental thermochemical data can be associated with this characteristic, 
such as the minimum ignition energy required to initiate the basic reaction; however, the 
ignition reliability of a particular propellant with a particular injector/chamber geometry 
is often simply a practical matter of adjusting the ignition location to maximize ignition 
reliability. 


III.K Combustion Stability 

Combustion instabilities in rocket motors result from a number of different 
physical processes, all with a variety of different time constants; they are undesirable 
because they can reduce the delivered performance of a rocket or result in the dynamic 
disassembly of a rocket chamber. Very immature rocket motor concepts give little 
attention to combustion instabilities unless they are destructive, because a stable 
operating point can usually be found at which rocket performance can be assessed. As a 
particular rocket system matures, and attempts are made to upgrade and optimize its 
performance, combustion instabilities become more of an issue. For a candidate 
propellant to be considered characterized for combustion stability, it should have 
considerable test data associated with the measurement of combustion chamber pressures 
at sampling rates that are high enough for the combustion instabilities to be discerned. It 
should also involve hot-fire testing in which a deliberate perturbation is introduced into 
the chamber to see how the rocket motor responds; this is known as a “bomb test” and 
often employs an explosive squib fired during rocket motor operation. High-frequency 
pressure data collected during such a test constitute the proper combustion stability 
characterization of a particular propellant. 


III.L System Storability 

All propellants must be stored for some length of time before their use; this 
storage period can range from hours to years. Thus, system storability refers not only to 
long-term storage with regard to materials, but also to how well a candidate propellant 
can be kept in a ready-to-use state. Relevant concerns may include whether or not the 
performance of the propellant in its intended application degrades significantly over time 
and whether the propellant forms toxic or unstable compounds, either by itself or by 
reacting with container materials. 


III.M Qualification Testing 
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Qualification testing refers to a comprehensive series of evaluations of a 
candidate propellant and its associated application to ensure proper function. These 
evaluations, typified by shock, vibration, and exposure to ionizing radiation, are quite 
specific and emerge from the anticipated conditions that the propellant and system will 
encounter when used. 


III.N Flight Capability 

The flight capability of a candidate propellant results from a long process of 
development, starting with the determination of the previous characteristics; by this point, 
only a relatively small handful of propellants will have been developed sufficiently for 
use in a flight test. Thus, a propellant is fully characterized only when it is used 
successfully to produce thrust for an air- or spacecraft. That is, the propellant has fulfilled 
its function and was not a source of failure for the flight vehicle. 


IV. Associating Propellant Characteristics with the PRLs 

Using this proposed propellant characterization methodology, each propellant 
characteristic is assigned to a PRL. For some PRLs, there may be more than one 
characteristic assigned. As all possible characteristics have not yet been identified, any 
new or additional ones will need to be associated with a particular PRL. However, to 
make the PRL methodology meaningful, the same set of characteristics needs to be 
evaluated for the propellants under consideration. 

The mapping of the given characteristics to particular PRLs is summarized in 
Table 1. As shown, if a propellant has available thermodynamic and toxicity data, 
identified applications, and combustion heat transfer and material compatibility 
measurements, it would be at PRL 3, or “characterized to PRL 3.” A different propellant 
with all the previous data, but also entered into analytical modeling databases, would be 
at PRL 4. Note that without geometry effects and ignition data the propellant would not 
reach PRL 5. This process can be repeated for an individual propellant or a group of 
propellants to establish a self-consistent set of PRLs, with one PRL associated with each 
propellant. 

IV. A Example 1: Characterization of RP-1 

As an example of the proposed characterization methodology, the PRL of RP-1, a 
well-known and widely used hydrocarbon rocket propellant, is presented. For each 
propellant characteristic, an assessment is made to determine if there are sufficient data 
and/or documentation available to consider it understood. There is a subjective element to 
the assessment process; however, the more important aspect of this assessment is that it is 
consistent. This step requires the consultation of the available technical literature to see 
what specific data exist and what measurements have been made for that particular 
propellant and/or propellant combination. In practice, this represents the most labor- 
intensive task in the characterization methodology. Going characteristic by characteristic, 
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RP-1 is evaluated as to the adequacy of the available data concerning each characteristic. 
The results for RP-1, based on literature searches, yielded the assessment summarized in 
Table 2. 


In Table 2, each number represents a citation of the reference containing the 
relevant information. When six or more references are found, the term “extensive” is 
used, indicating that the evaluation requirement has been more than satisfied. These 
results show that there are sufficient available data on RP-1 for each of the characteristics 
to be adequately understood. Using the proposed methodology, RP-1 is determined to be 
at PRL 9, because all characteristics up through PRL 9 are sufficiently represented with 
reference data and/or documentation. These results are consistent with the authors’ 
expectation of the PRL of RP-1. 

IV. B Example 2: Characterization of Selected Hydrocarbon Fuels 

The evaluation of a family of hydrocarbon fuels reacted with liquid oxygen (L02) 
to determine the PRLs of each fuel is presented. Some of these fuels have been 
considered as candidate propellants for proposed rocket systems. They range from widely 
used fuels, such as RP-1, to more developmental ones, such as methane, to research-level 
ones, such as the middle hydrocarbons. 

Again, each of the 14 characteristics is assessed for each propellant to determine 
if there are sufficient data and/or documentation available. The results for these 
hydrocarbon fuels based on literature searches are presented in Table 3. 

The results shown in Table 3 indicate that some propellants, such as methane, are 
well characterized across the board. Others, such as ethane and heptane, are not. As 
before, each number is a citation of the corresponding reference, whereas the term 
extensive indicates that the evaluation requirement has been more than satisfied. The 
PRL level for these hydrocarbons is shown in Table 4. 

Table 4 illustrates that the proposed methodology has provided quantified results 
that could not have been extracted from intuition alone because of the vast amount of 
data and documentation that had to be examined. Here, we can see that methane is 
characterized to PRL 9, whereas ethane is characterized only to PRL 3. Before this 
analysis, it would have been difficult to state whether butane or ethane is better 
characterized, or more specifically, which has the higher PRL. The methodology 
presented here provides the quantified answer, backed up by an extensive reference list, 
that butane has a higher PRL than ethane and is therefore better characterized. 

The value of this distinction is more than just academic. It is useful when 
conducting a trade study in which each of these propellants is under consideration, as 
quantitative evaluations can be made between them. Additionally, the direction of 
research and development can be guided. 
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V. 


Conclusions 


The PRL characterization methodology, based on Mankins’s TRL[1], has been 
shown to provide a quantitative assessment of how well characterized a particular 
propellant might be; it can be applied to liquid, solid, and gaseous propellants, to 
monopropellants, and to both fuels and oxidizers. The resultant PRL that is generated for 
a propellant can serve as a basis for comparison in feasibility and trade study evaluations. 
It can also be used as a way to direct research priorities related to propellant research and 
development by readily indentifying propellants that need further development. 

The proposed methodology was used to evaluate a set of hydrocarbon fuels, 
specifically methane, ethane, propane, butane, pentane, heptane, and RP-1. The PRL for 
each of these propellants was determined, presented, and shown to be consistent with a 
qualitative expectation as to how well characterized these propellants might be. High 
PRLs were shown for RP-1 and methane. Low PRLs were shown for several of the less- 
familiar hydrocarbon propellants, namely, ethane, butane, pentane, and heptane. This 
facilitated a relative ranking among these propellants, a task that would have been 
difficult or impossible without some sort of characterization methodology. 

The authors strongly believe that this propellant characterization methodology 
will be useful to propellant developers, trade and feasibility analysts, and technical 
managers as a means of comparing the characterization of propellants and of prioritizing 
propellant research and development priorities. 
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Table 1. Assignment of characteristics to particular PRLs 
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PRL 4 

PRL 5 

PRL 6 

PRL 7 

PRL 8 

PRL 9 

PRL 

Thermo-dynamic 

Data 

Toxicity 

Applications 

Combustion Data 

Heat Transfer 
Char. 

Materials Compat. 

Analytical 

Predictions 

Injector/ Chamber 
geometry 

Ignition 

Pressurization 

Combustion 
Stability Data 

system storability 

Qualification 

Testing 

flight Test 

1 

X 

x 













2 



x 












3 




X 

X 

X 









4 







X 








5 








X 

X 






6 










x 

X 




7 












X 



8 













x 


9 














X 


Table 2. Characteristics evaluation results for RP-1 



PRL 1 

PRL 2 

PRL 3 

PRL 4 

PRL 5 

PRL 6 

PRL 7 

PRL 8 

PRL 9 

Thermo-dynamic 

Data 

Toxicity 

Applications 

Combustion Data 

Heat Transfer 
Char. 

Materials Compat. 

Analytical 

Predictions 

Injector/ Chamber 
geometry 

Ignition 

Pressurization 

Combustion 
Stability Data 

system storability 

Qualification 

Testing 

flight Test 

RP-1 

Yes 

3 

Ves 

2 

Yes 

extensive 

Yes 

extensive 

Yes 

15,32 

Yes 

extensive 

Yes 

extensive 

Yes 

extensive 

Yes 

extensive 

Yes 

extensive 

Yes 

extensive, 43 

Yes 

extensive 

Yes 

extensive 

Yes 

extensive 


Table 3. Characteristics evaluation results for the hydrocarbon fuels 
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Table 4. PRL summary for selected hydrocarbon fuels with L02 



PRL 

methane 

9 

ethane 

4 


propane 

6 

butane 

5 

pentane 

5 


heptane 

5 

RP-1 

9 
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